A B S T R A C T The transport of endogenous lipids in the lipoproteins of mesenteric lymph was studied in fasting rats with mesenteric lymph fistulas. The lymph was found to contain, in addition to chylomicrons (Sf > 400), a significant amount of another, more dense, triglyceride-rich fraction, the very low density lipoproteins (VLDL), which showed a peak Sf of 102. The VLDL differed from chylomicrons not only in flotation, but also in per cent lipid composition and electrophoretic mobility in agarose gel. The VLDL fraction was found to contain 47% of the triglyceride and 54% of the cholesterol of fasting lymph and, in the fasting state, was the major lipoprotein species present.
INTRODUCTION
It is known that dietary lipids are absorbed by the small intestine and transported in the lymphatics to the systemic circulation as chylomicrons. These particles, defined by Zilversmit as alimentary triglyceride-rich lipoproteins of Sf greater than 400 (1) , have been shown to be rapidly removed from the plasma by liver and peripheral adipose tissue (2-4). As they are not present to any significant extent in the normal fasting or postabsorptive state, the intestine has been generally regarded as an organ whose role in lipoprotein metabolism is limited to its absorption of dietary lipid.
Recent evidence, however, has suggested that the intestine may play a broader role in lipid and lipoprotein metabolism. For example, it has been shown that the small intestine synthesizes cholesterol (5, 6) , and may contribute significantly to circulating plasma cholesterol levels (7, 8) . Furthermore, hepatectomized animals are capable of incorporating radioactive fatty acids into plasma triglycerides (9) and radioactive amino acids into plasma very low density lipoproteins (VLDL), probably as the result of intestinal lipoprotein synthesis (10) .
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In recent studies we have observed that with both fasting and feeding, the intestinal lymph contains triglyceride-rich particles similar to plasma very low density lipoproteins and differing from chylomicrons in flotation, composition, and electrophoretic mobility (11, 12) . Although these very low density lipoproteins and the chylomicrons may be opposite ends of a single spectrum of particle size and density, their dissimilarities suggested the possibility that they play different roles in lipid metabolism.
The present studies were undertaken in order to characterize intestinal lymph VLDL and determine their source. Other experiments dealing with their role in the transport of specific lipids will be reported subsequently.' METHODS Animals. All these experiments were carried out using 300-400 g male albino CD strain rats,2 maintained before study on a standard laboratory diet.' Cannulation of the mesenteric lymphatic duct was carried out under light pentobarbital anesthesia by a modification of the procedure described by Bollman, Cain, and Grindlay (13) . In addition, a polyethylene catheter for infusion of test solutions was inserted into the duodenum near the entrance of the common bile duct. After operation, animals were placed in restraining cages (14) and received 0.85% NaCl or 5% glucose in 0.85% NaCi, either ad lib. or by intraduodenal infusion. Animals were allowed to stabilize at least overnight after surgery. On some occasions animals were used on the second morning after operation, but no difference in lymph composition was noted between these two periods.
Collection and handling of samples. In most experiments involving a 3 hr test period, animals received intraduodenal infusions of 0.85% NaCl. Lymph was collected at room temperature, the volume recorded, and samples were defibrinated at the end of the collection. For longer collections, the tubes were kept in ice. After defibrination portions of these samples were either refrigerated for subsequent chemical analysis or were subjected without delay to preparative ultracentrifugation.
Preparative ultracentrifugation. Samples of lymph were placed in cellulose nitrate tubes, and were centrifuged at 3 X 106 g min, 10'C, in a Beckman Spinco SW In press. ' Charles River Laboratories, Wilmington, Mass. ' Purina Lab Chow, Ralston-Purina Co., St. Louis, Mo. d > 1.006: determined directly. In a control experiment, purified chylomicrons and VLDL of known lipid composition were mixed, allowed to stand, and subsequently separated by preparative ultracentrifugation under conditions duplicating those of the experiments. It was found that there was no significant net movement of cholesterol between the two fractions. There did appear to be some movement of triglyceride from the chylomicron fraction to the lymph subnatant but, because in other experiments marked variations in chylomicron triglyceride were not associated with changes in VLDL triglyceride,' it was concluded that this movement was not of practical significance under the actual conditions of the experiments.
In those cases in which individual lipoprotein fractions were analyzed for lipid and protein composition, the fractions were subjected to at least two additional ultracentrifugations under the conditions described above, except that the isolated fractions were each time layered under 0.85% NaCl. By this technique contaminating plasma proteins in lymph were removed from the samples being analyzed (12) .
Analytical ultracentrifugation. Samples of intestinal lymph were subjected to preparative ultracentrifugation (3 X 10' g min) as described above in order to remove the chylomicrons. The lymph subnatant was adjusted to a density of 1.063 g/ml (16) and the VLDL and low density lipoproteins (LDL) were collected by means of a second preparative ultracentrifugation (108 g min). These lipoproteins were resuspended in 1.745 molal NaCl (density 1.063 g/ml), and were placed in a Spinco double-sectored cell with a 12 mm filled Epon centerpiece and sapphire windows. sec, x is distance from the axis of rotation in centimeters and t is time in seconds (17) .
Chemical assays. Lymph and lymph fractions were analyzed for content of triglyceride (18) and total free and ester cholesterol (19) as previously described (20) . Phospholipid content was determined by a modification of the method of Bartlett (21) . Total protein in lipoprotein fractions was measured by the method of Lowry, Rosebrough, Farr, and Randall (22) after partial ethanol ether delipidation (23) or with ether extraction of lipid after color development (comparable results).
Gas-liquid chromatography. In some experiments total lipids were extracted from the samples by the method of Folch, Lees, and Sloane-Stanley (24) , and the triglycerides isolated by thin-layer chromatography. Triglyceride fatty acid methyl esters were prepared by a modification of the procedure of Lipsky and Landowne (25) (27) . Native and delipidated lipoprotein fractions were subjected to immunoelectrophoresis in agar gel (12, 28) . Rabbit antiserum to rat intestinal lymph VLDL (12) 
RESULTS
Analytical ultracentrifugation of lymph subnatant. Since the conditions used for the separation of chylomicrons from* other lipoprotein fractions of intestinal lymph in the preparative ultracentrifuge were based on theoretical predictions from the nomogram of Dole and Hamlin (15) , it was necessary to confirm directly the flotation rates of lymph subnatant (chylomicron free) lipoproteins by analytical ultracentrifugation (Fig. 1) . It is seen that these lipoprotein classes include particles of a broad density range, with a peak at Sf 102. Thus, the particles designated "VLDL" in the present experiments are within the appropriate flotation range (Sf 20-400), and do not merely represent chylomicrons (Sf > 400) incompletely removed by preparative ultracentrifugation.
Electrophoretic properties of lymph VLDL and chylomicrons. Preparations of lymph VLDL and chylomicrons were subjected to electrophoresis on filter paper and in agarose gel. Although both fractions remained at the origin on paper, they differed significantly in their mobilities in agarose (Fig. 2) . In this medium, chylomicrons remained at the origin, whereas VLDL moved in the region of the a2 globulins. The "tailing" exhibited by both fractions is consistent with the broad range of particle size characteristic of these lipoprotein classes.
Composition of intestinal lymph VLDL and chYlomicrons. Preparations of lymph VLDL and chylomicrons, purified by means of additional "washes" in the preparative ultracentrifuge, were analyzed for their lipid and protein composition (Table I ). These fractions exhibited highly significant differences in their content of triglyceride, phospholipid, and cholesterol. Although there was a suggestion of a higher protein content in VLDL, the number of samples was not adequate to show statistical significance. It is of additional interest that whereas only about one-half of the chylo- micron cholesterol was esterified, in the VLDL twothirds was in ester form.
Triglycerides were isolated by thin-layer chromatography from fasting lymph VLDL and chylomicrons, and the methyl esters of the triglyceride fatty acids were analyzed by gas-liquid chromatography (GLC) ( Table  II) . No significant differences in the fasting triglyceride fatty acid composition of the lipoprotein fractions were apparent, although in other studies it was shown that considerable differences develop during lipid absorption. ' Lipoprotein distribution of endogenous lymph triglyceride and cholesterol. Over a 3 hr collection period, fasting lymph fistula rats received an intraduodenal infusion of 15 ml of 0.85% NaCl (5 ml from 0 to 30 min; 10 ml from 60 to 180 min). It is seen (Table III) that significant quantities of triglyceride and cholesterol appeared in intestinal lymph. These quantities did not decrease significantly even after several days without dietary fat.
Analysis of the lipoprotein distribution of these lipids showed VLDL to be the major lipid-carrying fraction of fasting intestinal lymph, accounting for approximately 50% of the total triglyceride and cholesterol (Table III) . Although the chylomicrons carried nearly Source of intestinal lymph VLDL. Because VLDL circulate in plasma, it was necessary to consider the possibility that intestinal lymph VLDL were merely plasma VLDL which appeared in lymph along with other plasma proteins as a result of movement across the mesenteric capillary bed. To investigate this possibility, a saline suspension of cholestyramine resin was infused (80 mg/hr) into the duodenum of a lymph fistula rat, and the lipoprotein distribution of lymph triglyceride and cholesterol was determined. It was felt that cholestyramine, by binding intraluminal bile salts, would interfere with the micellar solubilization and absorption of intraluminal fatty acids and cholesterol, but would not affect lipoproteins entering the lymph from the l . , , . . . , . , . , , , . l . periment without subjecting the animal to additional operative stress. In Fig. 4 , it is seen that bile diversion, like cholestyramine administration, resulted in a rapid fall in lymph triglyceride and cholesterol, to about 20% of their baseline levels. These results indicate that about 80% of the total intestinal lymph triglyceride and cholesterol, and essentially all of that in VLDL and chylomicrons, is derived from the intestinal lumen and mucosa. It is concluded, therefore, that the VLDL in fasting intestinal lymph are not derived directly from the peripheral circulation. In other experiments, it was shown that whereas the rate of delivery of bile phospholipid to the intestine was sufficient to account for the fatty acids in VLDL and chylomicron triglycerides, the bile cholesterol could account for only about one-half to two-thirds of that portion of lymph cholesterol derived from the intestine.' This is consistent with the remainder having been derived from the intestinal wall itself.
Relationship of intestinal lymph VLDL to plasma VLDL. The above evidence strongly suggested that intestinal lymph VLDL are of intestinal rather than plasma origin. However, the converse, i.e. that plasma VLDL might be derived in part Comparison of serum and lymph VLDL in agarose gel electrophoresis. In Fig. 5 are shown the oil red 0 stained agarose-gel electrophoretic patterns of (a) fasting rat serum; (b) the same serum subjected to preparative ultracentrifugation at its own density ( (Fig.  6 ). All troughs contained rabbit antiserum to intestinal lymph VLDL. It is seen that the antiserum reveals the presence of one major and one or more minor precipitin arcs with both delipidated serum VLDL and delipidated lymph VLDL. Reactions of immunochemical identity between the major arcs of serum and lymph VLDL are seen at both the anodal and cathodal end of the interrupted portion of the trough. A possible reaction of identity between two lesser arcs is also seen at the anodal end, but this could not be established conclusively. These results suggest that serum and lymph VLDL have in common their major apoprotein, and possibly others. The fact that the immunoelectrophoretic patterns of the two samples are not exactly identical is probably explained by the observation (Fig. 5) (Table II) . (The slight differences between the triglyceride fatty acids of whole lymph (Table IV) and those of chylomicrons and VLDL (Table II) most likely reflect the presence of triglycerides in lipoproteins of density greater than 1.006). In Table IV it is seen that whereas the triglyceride fatty acids of lymph and serum are generally similar, they differ in their relative content of stearic (18: 0) and arachidonic (20: 4) acids, and to a lesser extent in their content of oleic (18: 1) acid. These differences are con- ' Unpublished observations. 
DISCUSSION
In the l)resent studies, a nonclhyloniicron, triglyceriderich, very low density lipoprotein (VLDL) fraction of rat intestinal lymph has been isolated, characterized, and studied as to its role in the transport of endogenous lipidls. In the fasting state, VLDL were found to be quantitatively the most important lipoprotein fraction in intestinal lymph, containing 47% of the triglyceride and 54% of the cholesterol. In contrast, the chylomicrons under these conditions carry only 40% of the triglyceride and 17% of the cholesterol. Studies with intraduodenal infusion of cholestyramine or bile diversion indicate that the lipids in these two lipoprotein fractions are derived from bile and the intestinal wall.
VLDL and chylomicrons are both triglyceride-rich lipoproteins having a density less than plasma and isotonic saline (1.005-1.006 g/ml) (30) . Accordingly, Samples of intestinal lymph and serum were obtained from each of three animals as described in Methods. Fatty acid composition of whole serum and lymph TG determined as in Table II . Values shown are means and ranges for three samples. their separation and distinction by preparative ultracentrifugation must be based largely upon operational definitions. Zilversmit (1) defined "chylomicrons" as those triglyceride-rich alimentary particles with Sf 400 or greater, and in almost all reported studies dealing with chylomicrons, particles in this Sf range have been examined. In the present experiments, the conditions for separating chylomicrons from whole lymph by preparative ultracentrifugation were selected to conform to Zilversmit's criteria. As has been noted, the chylomicron fraction so prepared accounted for only a small percentage of the lymph lipid in the fasting state, most of which was found in VLDL. VLDL are defined as triglyceride-rich lipoproteins with an Sf range of 20-400, and have been shown here to have a peak at Sf 102 by analytical ultracentrifugation. The lymph VLDL fraction, therefore, does not represent chylomicrons incompletely removed during ultracentrifugation, but rather a class of triglyceride-rich particles with a flotation range distinct from that of the chylomicrons. The VLDL have also been shown in these studies to differ from chylomicrons in electrophoretic mobility and per cent lipid composition. These differences, however, do not by themselves establish that VLDL and chylomicrons are formed as a distinct lipoprotein species, or by distinct mechanisms in the intestinal mucosal cell. In fact, our previous studies have shown that the apoprotein composition of the two fractions is similar (12) . Furthermore, in the present studies gas-liquid chromatographic analysis of their triglyceride fatty acids suggests that VLDL and chylomicron triglyceride are probably derived from a common precursor pool. It is therefore possible that VLDL and chylomicrons represent separate classes of one broad spectrum of triglyceride-rich lipoproteins. The considerable range of particle size (and density) evident in both the chylomicrons and the VLDL would be consistent with this concept.
Certain differences in composition could also be accounted for by this interpretation. Zilversmit (23) has shown that in the chylomicron all of the protein and phospholipid and much of the cholesterol are present in the polar surface coat, whereas triglyceride forms the nonpolar center. Smaller particles (such as VLDL) with a larger surface-to-volume ratio, would therefore be expected to contain relatively more protein, phospholipid, and cholesterol, and less triglyceride. Fraser, Cliff, and Courtice have also obtained evidence suggesting that differences in triglyceride-to-phospholipid ratios of thoracic duct lymph chylomicrons and VLDL can be explained by differences in particle size (33) . The relative decrease in triglyceride content would in turn result in an increased particle density, while the relative increase in polar surface components could at least in part account for an increased electrophoretic mobility, Thus, several of the features which distinguish VLDL from chylomicrons could be explained solely on the basis of differences in particle size between the two lipoprotein classes.
One observation, however, does not appear to be consistent with this interpretation. The studies of Zilversmit showed that the chylomicron surface coat contains free cholesterol only, whereas cholesterol esters are carried in the nonpolar triglyceride-containing center. If the VLDL simply represent small chylomicrons, then one would expect the concomitant increase in surface-tovolume ratio to be reflected by a greater free cholesterol/ ester cholesterol ratio in VLDL. However, a lower ratio was consistently observed. There is no obvious explanation to account for this discrepancy, and it is therefore possible that at least a portion of the VLDL fraction may be produced in the intestine by a process, or in a location, different from that involved in chylomicron formation.
Regardless of possible similarities or differences in their formation, intestinal lymph VLDL represent a lipoprotein fraction differing in several important respects from chylomicrons as usually defined and studied. Moreover, in flotation characteristics and in per cent lipid composition, the lymph VLDL are similar to serum VLDL, differing chiefly in their content of stearic and arachidonic acids. Although the relative abundance of these fatty acids in intestinal lymph triglycerides undoubtedly reflects the importance of biliary phospholipids as precursors, the use of whole serum and lymph triglycerides limits the quantitative interpretations which can be made. At face value, however, the data suggest that a maximum of 40% of serum triglyceride could be derived from intestinal lymph.
Although native intestinal lymph VLDL migrate with an a2 mobility in agarose, upon being mixed with VLDLfree serum they assume the a, mobility of rat serum VLDL. This increased mobility is most likely a reflection of the adsorption of proteins already present in the serum. Such a process of adsorption of proteins onto intestinal, triglyceride-rich lipoproteins as they enter the plasma has been postulated as the mechanism by which so-called "secondary particles" are formed from "primary particles" (chvlomicrons) during and after a fatty meal (34 (35) , and published evidence that total plasma triglyceride turnover was about 30 mg/hr (36, 37) , the authors concluded that intestinal lymph accounted for approximately 10% of the plasma triglyceride in rats on a fatfree diet. However, it is noteworthy that in the present studies and in experiments reported by Baxter (38) , the hourly lymph triglyceride output was found to be about 6 mg/hr, i.e. more than twice the value reported by Windmueller and Levy. Furthermore, studies of Baker and Schotz (39) suggest that plasma triglyceride turnover in rats may be significantly lower than earlier estimates, and probably of the order of 15 mg/hr. Thus, according to these values, intestinal lymph could account for up to 40% of the total plasma triglyceride turnover in fasted rats.
Earlier, Byers and Friedman (40) showed that administration of Triton WR-1339 resulted in a fourfold rise in the plasma triglyceride levels of hepatectomized rats. This rise did not occur in animals subjected to hepatectomy plus evisceration, and therefore was attributed to intestinal triglyceride production. It is of interest that although the Triton-induced increase in plasma triglyceride level observed in hepatectomized rats was only 20% of that which occurred in intact rats, it nevertheless reflected intestinal production of triglyceride under conditions in which this process was severely impaired, i.e., in which both the major source of fatty acids for the fasting intestine (bile phospholipid) (41, and present 
